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PRODUCT DISCLAIMER

Certain commercial equipment, components, and software are identified in this report to
adequately present the underlying premises of this report. In no case does such identification
imply recommendation or endorsement by the National Telecommunications and Information
Administration, nor does it imply that the equipment, components, or software identified is the
best available for the particular applications or uses.
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EXECUTIVE SUMMARY

Spectrum applications are driven by the consumer market's appetite for products and services, the
unchanging laws of nature as applied to radio-wave propagation, the state of electronics
manufacturing technology (which is continually extending the upper frequency limits of practical
spectrum use), and regulatory policy. 3 GHz is often stated to be the upper frequency limit for
practica low-cost applications. Although true in the past, thisis clearly not so today. Even acasua
review of commercialy available electronic components and consumer systems shows much activity
at frequencies greatly in excess of 3 GHz. Despite the constancy of the physical laws of nature,
developers and policymakers will find continually higher frequencies suitable to support emerging
technologies and services.

The free-space path loss (the signal 1oss between transmitter and receiver) increases rapidly with
increasing frequency. Thisfactor is often cited as the reason that higher frequencies (frequencies
above 3 GHz) are not suitable for mobile radio systems. However, properly designed systems can
take advantage of higher antenna gains and shorter communication distances to compensate for
the higher path loss while enabling the system to serve more customers.

The semiconductor industry is building complex monoalithic microwave integrated circuits
(MMICs) that can operate at frequencies as high as 20 to 30 GHz. Although the gallium-arsenide
(GaAs) MMICs are considerably more expensive than integrated circuits made from silicon, it is
often possible to put all critical high frequency circuits on asingle MMIC, while using lower cost
silicon to build everything else. The rapidly growing use of small-dish satellite TV receivers
operating at 12 GHz shows the practicality of consumer systems operating far above 3 GHz.

So-caled “smart systems’ (systems that depend on complex computer technology) are also a key
to efficient use of higher frequencies, because “smartness’ makesiit easier and cheaper to build
dense infrastructures with many short-range base stations. 1n addition to making small-cell
systems practical, smart systems are expected to stimulate the capacity and bandwidth demands
needed to justify the dense infrastructure.

The frequencies used by newly introduced broadcasting systems have increased by afactor of about
2.5 every 10 years. Today's practical upper limit for various terrestrial- and satellite-based consumer
broadcasting systems is about 12 GHz, with systems at 28 GHz expected to be available soon.
Similarly, higtoricd trend information shows that maximum frequencies for new mobile applications
have increased by afactor of about 1.8 every 10 years.

Altogether, various physical, technological, and application trends suggest that a growing number
of consumer wireless applications will very successfully use frequencies above 3 GHz .

Moreover, the higher frequencies offer unique opportunities not available at low frequencies, and
consumers should expect to see totally new types of services developed using these higher
frequencies.



A TECHNOLOGICAL RATIONALE TO USE HIGHER WIRELESS FREQUENCIES

J. M. Vanderau, R.J. Matheson, and E.J. Haakinson"

Trends within the wireless and mobile communications industry are examined and
extrapolated into the near future. The paper examines the relationships between
propagation loss and antenna gain at higher frequencies, shows how dense intelligent
infrastructure affects cell size and system capacity, and describes the improving high
frequency capabilities of RF electronics technology. The authors conclude that
frequencies above 3 GHz may be uniquely suited to many wireless applications, but
that non-traditional system architectures and technologies will need to be used.
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1. INTRODUCTION

Government and industry recognize that additional radio spectrum will be needed for new fixed
and mobile wireless services. NTIA’s 1995 publication U.S. National Spectrum Requirements:
Projections and Trends predicts a shortfall of 204 MHz of spectrum for land mobile radio
through the year 2005 [1]. Overall, the NTIA report found increased demand for spectrum
coming primarily from the cellular/ personal communications service (PCS), mobile satellite, and
intelligent transportation system sectors.

Radio frequencies up to 3 GHz are currently considered to be particularly suitable for low-cost
consumer services. Radiowave propagation characteristics (higher path loss) and the higher cost
of electronics have been perceived to be major disadvantages for frequencies above 3 GHz.
Recent legidation directed NTIA and the FCC to release additional spectrum to be auctioned for
new services, with the stipulation that the spectrum must be below 3 GHz [2].

Successful wireless consumer applications are always a combination of the market’s desire for
products and services, the natural laws of radiowave propagation, the state of manufacturing
technology (which is continually extending the upper range of usable radio frequencies), and
regulatory policy. Technology has historically been the most important factor limiting the use of
higher frequencies; every successive decade of the twentieth century has faced a new and higher
limit. This does not mean that the differences in propagation factors at higher frequencies can be
ignored. Systems using higher frequencies will need to adapt new architectures and technol ogies,

"The authors are with the Institute for Telecommunication Sciences, National Telecommunications and
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B. Sgnal processing. Though the consumer will typically interface with these services through
sound, video, or text media, many modern services encode all these mediaas digital datafor
transmission and convert them back to the original mediain the receiver. Whether or not digital
encoding is used in a system, the mgority of the electronics in most wireless systemsis used to
control the receiver and process and display the signal. This processing often occurs at some
convenient “intermediate frequency” or at baseband, and this part of the circuitry can be essentially
identical for all systems providing similar services--regardliess of the frequency band used to
transmit the signal. Therefore, the processing circuits are considered to be highly dependent on
technologies for implementation, but relatively independent of the frequency of transmission.

C. Radio frequencies. Thefinal act of processing asignal in atransmitter isto “convert” the signal
inside the transmitter from an intermediate frequency (IF) to a (usually) much higher radio
frequency (RF) used to transmit the signal through the air.  In many newer systems, the RF is so
high that conventional silicon electronics cannot processit very well. In these cases, special
circuits made from gallium arsenide (GaAs) are used. Although GaAs circuits are more expensive
than silicon circuits, they work better at high frequencies (and fortunately are needed only for the
RF circuits). A reverse process occurs in the receiver. The RF signal enters the receiver viathe
antenna and is converted to an IF signal, which undergoes further processing.

D. Radiowave propagation. The radiowave path begins with the RF signal being launched into the
air by atransmitting antenna and ends with atiny portion of the transmitted RF signal being picked
up by areceiving antenna. The movement of the signal from the transmitting antennato the
recelving antennais called “propagation.” Since al radio signals share the “airspace,” two signals
being transmitted on the same frequency might interfere with each other inside areceiver. For this
reason, the Government regulates the use of radiowaves, and it licenses only selected users to
transmit on given radio frequencies.

These concepts are described in more detail in the following sections. They are covered in the
reverse of the order listed above, beginning with radiowave propagation.

3. ANTENNAS AND PROPAGATION
3.1 Radiowave Propagation

The propagation of radiowaves s influenced by many physical mechanisms, including free space
loss, terrain blocking and reflection, foliage absorption, ionospheric reflection and absorption, rain
loss and reflection, clear air absorption, doppler shift, and multipath fading. Individual effects are
stronger in certain frequency bands, and communication systems are usually designed to take
advantage of these effects--or at least to tolerate them. For example, in the frequency range below
30 MHz (the so-called “ shortwave’ bands), radio signals reflect off the ionosphere, enabling
communication ranges of several thousand miles. The downside of this ultra-long-distance
communications mode is that the ionosphere is constantly changing and interfering signals and



noise are very maor problems.

Radio waves at higher frequencies--above 10 GHz--are increasingly reflected and absorbed by rain
and atmospheric gases. The maximum usable range of such signalsis partly dependent on the
tolerable degree of interruption by inclement weather--the further the range, the greater the chance
of interruption by rainstorms. Still higher in frequency, radio signals are absorbed by gasesin the
atmosphere. For example, water vapor lightly absorbs radio waves near 20 GHz, and oxygen very
strongly absorbs signals near 60 GHz. Though atmospheric absorption would be considered a
disadvantage for many radio systems, some systems have been proposed that use this phenomenon
to prevent unauthorized interception of signals, to strongly limit interfering signals, and to
substantially increase frequency reuse in these bands.

Propagation at higher frequencies is different from propagation at lower frequenciesin severa
major respects. While al radio waves tend to move in straight lines, higher frequencies are
blocked more sharply by terrain or buildings, and they can be focused more easily by high-gain
antennas. Because wavelengths are shorter at higher frequencies, higher frequencies can move
more easily through small openings (like windows and hallways in buildings, or into tunnels). On
the other hand, higher frequencies suffer more loss between omnidirectional antennas. Free space
path loss is proportional to 1/F? where F = frequency. For example, the use of a frequency that is
twice as high will result in only 25% as much energy being available at the receiver (assuming the
use of omnidirectional antennas, with other factors kept the same). The increased path loss at
higher frequencies can also be described as a* 20-dB/decade” |oss: the path loss increases 20 dB (a
factor of 100) for a decade (afactor of 10) increase in frequency.

A communications system can interfere with itself when multiple copies of the transmitted signal
arrive at the receiver viadifferent paths. These “multipath” signals with different directions-of-
arrival, amplitudes, and propagation delays arise from the reflection of radio signals off various
objects, such as mountains and buildings. Depending on the relative amplitudes and time delays
between them, the signals can constructively add or destructively subtract from each other.
Multipath is one primary limitation in wave propagation, with destructive cancellation causing
occasiona unexpected signal loss (called frequency-selective fading.) Multipath can also cause
data errors (intersymbol interference) when the time delay differences are on the order of the time
duration of atransmitted symbol. Intersymbol interference tends to become a greater problem
when data rates are higher, when higher-order efficient modulations are used, or when the terminal
isin motion.

These propagation phenomena are the driving factors that determine radio coverage zones. A
number of computer simulation tools consider these propagation phenomena and are used to
designradio systems. Figure 2 shows example outputs of transmission path losses for a
hypothetical station in Washington, DC, using the Communications System Performance Model
(CSPM) which isbased on NTIA’s Irregular Terrain Model [3]. Inputs to the program include
transmitter
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20 dB more transmitter power (100 times more power), compared with an identical system
operating at 1 GHz, in order to deliver the same power to the receiver. This 20-dB/decade effect
isthe major factor that is operative in the three coverage plots in Figure 2, and it is the major
reason that some people have declared that mobile communication systems cannot operate
efficiently above 3 GHz (or some other similar frequency limit).

Although case 1 might be construed to show that frequencies higher than “X” GHz are not
practical for mobile systems, a more general conclusion might be that it would be foolish to
attempt to build awireless system at 10 GHz in the same way that it would be built at 1 GHz.

Consider “case 4” as an aternative way to build systems. Instead of the omnidirectiona antennas
of case 1, case 4 uses dish antennas of afixed physical size at the transmitting and receiving
terminals. Since energy can be focused more effectively at high frequencies than at low frequen-
cies, the gain of the dish antennas increases with frequency and more than cancels the increased
path loss. The 20-dB/decade path loss is combined with a 40-dB/decade antenna gain (20
dB/decade for the transmitting antenna and 20 dB/decade for the receiving antenna) to give a net
gain of 20 dB/decade for the system. At 10 GHz, for example, the received signal power would
actually be 100 times (20 dB) more than at 1 GHz.

With the higher antenna gain of the dish antennas come narrower antenna beamwidths. This means
that the transmitting and receiving antennas will need to be (and remain) precisely aimed at each
other. This can be amaor nuisance if either terminal is mobile, but the narrow beamwidth can aso
be used to discriminate against unwanted signals and to increase system capacity. Case 4 istypical
of fixed point-to-point microwave applications, which often have advantages at higher frequencies.
(In fact, substantial growth is currently underway in the 39 GHz microwave band, where the small
antenna size offer substantial siting advantages.)

The equal-but-opposite signal powersillustrated by case 1 and case 4 can be balanced against each
other in various ways, illustrated by case 2 and case 3, giving received power that is independent of
frequency. "Case 2" antenna systems use a constant size, high-gain base station dish antenna
(whose gain increases with increasing operating frequency at the same rate as path |0ss increases)
and afixed gain (e.g. omnidirectional) subscriber antenna. "Case 3" antenna systems use direc-
tiona transmitting and receiving dish antennas, whose physical areas (effective apertures) decrease
as UF, giving improvements in antenna gain that exactly offset the increased path loss. Cases 2 and
3 describe no specific systems, but rather a family of systems that have particular types of
transmitting/receiving antenna geometries.

Examples of generic systems incorporating "case 2" antennas.

1. Fixed sizedirectiona transmitting antenna, omnidirectional receiving antenna
< PCS satellite spot beam antennas transmitting to omnidirectiona antennas of
PCS subscriber units;
< high-gain, highly-segmented terrestrial PCS base station antennas transmitting to






Mobile Radio Technology [4] gives a history of the evolution of mobile antennas. At 25-to-50
MHz frequencies, mobile antennas were essentially constrained to quarter-wavel ength whip
designs. Higher gain mobile antennas were impractica at these frequencies because of their larger
physical size; quarter-wavelength antennas for this band are on the order of 2 m (6 ft) in length.
Smaller antennas at these frequencies do not radiate power as efficiently and are more narrowband
in frequency.

When operating frequencies increased to 150 MHz, antennas could be made smaller (because of
the inverse frequency/wavel ength relationship). Higher gain antennas, on the order of 3 dB more
gain, that retained omnidirectional coverage were possible because 1/2- and 5/8-wavelength
designs are only about 1m (3 ft) long.

When mobile radios began operating at 500 MHz, smaller, more complex whip antenna designs
became practical. One example is the 5/8-wavelength collinear whip antenna, consisting of two
5/8-wavel ength sections with a phasing coil between them. The 5/8-wavelength collinear whip has
about 5 dB of gain over the quarter-wave whip and retains the desired omnidirectional radiation
characteristics in azimuth.

Mobile antenna designs at 800-940 MHz, 1850-1900 MHz, and 2200-2900 MHz have retained the
5/8-wavelength collinear design, incorporating improvements such as glass-mounted capacitive
feedthroughs to eliminate the requirement of drilling holes in vehicle roofs or trunk decks. The use
of higher frequencies has allowed the size and structural wind-loading installation requirements of
the mobile antenna to be reduced proportionally, but antenna gain has reached a plateau.

Base stations utilize dipole antennas to provide omnidirectional coverage over alarge geographic
area. Stacked dipole arrays, using several vertically collinear dipole antennas, can provide up to
18-dB gain with omnidirectional coverage [5]. The higher gain offered by the base-station
receiving antenna arrays allows lower power mobile and portable transmitters to be used.

Asfrequencies of operation move higher, base-station antennas having comparable performance can
be made smdller, reducing structural wind-loading requirements and making the antennas less visualy
objectionable. Alternatively, higher frequency antenna arrays having the same approximate physical
sze would have improved gain and directivity. Theincreased antenna gain would cancel the increased
high frequency path loss (i.e., the “case 2" antenna system approach described in Section 3.2),
providing similar coverage ranges for higher and lower frequencies.

3.4 System Capacity

System capacity can be defined as the maximum number of users that can be adequately served by
acommunications system. Cellular telephone systems deliberately limit the operational range of
the individual base stations so that base station frequencies can be reused by other base stations in
ametropolitan area; this increases the cumulative capacity of the whole system. When this
technique was first adopted, it violated the traditional mobile system design principles that









3.6 Summary of Propagation and Antenna Technologies

Current cellular systems have used small cells and sectorization mainly to gain additional capacity.
Future antenna systems may gain even more capacity through the use of alarger number of fixed-
azimuth sectors or adaptive antenna systems that actively track individual users. However, al of
these techniques give an important extra advantage: they allow the mobile stations to use less
transmitter power. The use of more-directional antennas provides higher gain for the desired
signal, as well as increased rejection of undesired signals. Both the small cell size and the higher-
gain directional antennas contribute to lower transmitter power requirements, which can be used to
compensate for higher path loses at higher frequencies. Therefore, the improved antenna system
required to expand system capacity is smultaneoudly facilitated by the use of higher frequencies
and also permits the use of weaker signals, or higher frequencies, or a combination of both.

One might object that the benefits outlined in the previous paragraph are predicated on having a
market for services that is large enough to sustain a robust and expensive infrastructure. Although
that istrue, the need for additional frequenciesis aso predicated on alarge potentia market. The
requirement to start with an extensive and costly infrastructure (rather than starting with a much
sparser infrastructure and growing with demand) is a problem that entrepreneurs and regulators
will have to consider carefully.

Finally, note that shorter radio paths and the directional antennas also tend to discriminate against
multipath signals (which are alimitation on signa bandwidth). Thus, the same infrastructure/an-
tenna configurations that support higher capacity, lower power, and higher frequencies also will
tend to support higher bandwidths and data rates. This factor may be of growing importance for
future wideband mobile data or Internet access.

4. RADIO FREQUENCY ELECTRONIC DEVICES

Asshown in Figure 1, a portion of any wireless equipment (block C) must operate at the frequency
used to transmit the RF signal. The RF el ectronics have often represented the most difficult part of
an electronic system, because it is generally more difficult to make electronic circuits that operate
efficiently at higher frequencies. Hundreds of megahertz of UHF TV frequencies remained almost
unused for many years after they were allocated, partly because the consumer electronics industry
had great difficulty producing a high-performance, low-cost UHF TV tuner. These are the same
frequencies that are now used for cellular phones and pagers--arguably the most valuable spectrum
in existence today. The difference between then and now is that electronic technology eventually
became proficient at manufacturing excellent inexpensive RF devices for that frequency range.

The highest frequency at which RF devices can operate has been increasing continuoudly. Five
years ago manufacturers were concerned about being able to produce devices for the newly
announced PCS bands near 2 GHz. The current upper limit for widely-used consumer devicesis
12 GHz, used in small direct broadcast satellite TV dishes.
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is several times higher than silicon (Si). Therefore, GaAsis used for the production of many
higher-frequency RF devices, even though GaAs is considerably more expensive than silicon.
Silicon-germanium is an experimental new material that is claimed to equa the performance of
GaAs with the potentia of Si cost§[10].

Table 1 - Carrier mobilities and cost of fabricated semiconducting materials [11]

Material Electron mobility Hole mobility Cost per mm?
Silicon 1500 cm?/V-s 450 cm?/V/-s $.10-.40
Gallium-arsenide 8500 cm?/V/-s 400 cm?/V/-s $1.00-4.00

The use of improved fabrication techniques (e.g., shorter channels) can increase the maximum
operating frequency of any semiconductor material. Therefore, it is expected that silicon will
eventually become suitable for some frequencies now requiring GaAs, at the same time that the
maximum frequency of GaAsis increased.

Finally, it should be noted that the maximum frequency where a device can be practicably used is
not asharp line. Instead, RF devices generally work less well at higher frequencies. At higher
frequencies, the gain of an amplifier decreases, the noise figure increases, the efficiency and
maximum power output decreases, etc. As the maximum device operating frequency is ap-
proached, a certain amplifier gain that required a single gain stage at lower frequencies might
require three cascaded gain stages, along with a considerable increase in power consumption and
cost. Therefore, there will usualy be substantial advantages in using devices whose maximum
frequency capability iswell above the actual system operating frequency, and process improve-
ments that increase device frequency capabilities are also likely to produce benefits for systems
operating at lower frequencies.

Typica high-end consumer RF 1Cs are manufactured with GaAs and a 0.5 micron process. This
technology yields devices with a maximum frequency of operation near 40 GHz. Laboratory
devices manufactured with 0.18 micron features include Si devices capable of operation near 50
MHz and GaAs devices in the 90- to 100-GHz range. It is anticipated that these performance
parameters will continue to be improved.

4.2 The State-of-the-Industry for RF Devices

Multiple RF devices are often combined on a single chip into complex receiver front ends, power
amplifiers, etc. These complex RF IC chips are also called microwave monalithic integrated
circuits (MMICs). The state-of-the-art for MMICs has continued to produce improved packaging
(size reduction), integration (consolidation of many circuit functions into a single integrated
circuit), efficiency (lower power supply requirements), refinement of process ng/fabrication
techniques (improvement in manufacturing yields), and maximum operating frequency. These
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improvements reduce the cost vs. performance of MMIC electronics. The following key questions
remain: At what frequencies does MMIC performance make it too difficult to design practical
systems, and at what frequency do the costs of MMICs and other RF devices begin to escalate and
become impractical for the consumer marketplace?

There are three factors that lead to the "price breakpoint” effect where MMIC or discrete device
fabrication costs escalate. One is economics. current high-volume applications tend to be at lower
frequencies; there are many suppliers producing a variety of commodity parts and thereis
considerable market competition. Policy (regulations) plays a significant role; manufacturers are
not producing communications el ectronics for mass market applications in frequency bands that
have not been alocated for those applications. And finally, at higher frequencies, the performance
of Si isinferior to GaAs and so more-expensive GaAs must be used instead.

Thisis not meant to infer that GaAsis not used for lower frequency applications, 850 MHz
portable cellular telephones routinely use GaAs components where the extra cost is warranted by
the improved performance. GaAsin cellular receivers can provide improved noise figures (giving
better reception of weak signals) and GaAs used in portable cellular transmitter stages provides
more output power with less battery drain.

MMIC and IC costs are decreasing. International Data Corporation reports that semiconductor
costsin typical cellular handsets will decrease from $75 in 1995 to $57 in the year 2000 because of
continued integration of functions into ICs and because of improved manufacturing techniques
[12]. Recent GaAs IC packaging techniques use low-cost solutions such as plastic encapsulation
and standard integrated circuit pin-out designs with no degradation in performance [13]. Higher
power |1Cs capable of 2- to 3-W RF power levels have been manufactured in ceramic packages,
and the more stringent grounding requirements for RF 1Cs have been met by bridging neighboring
pins protruding from the standard I C package into a single wide pin, thus acting as a heat sink
while concurrently providing alower impedance to ground. GaAs RF ICs containing entire re-
ceiver front ends are advertised in trade journals at costs as low as $4 each in quantity for 8 GHz
and higher frequencies. Simpler amplifier blocks can be obtained at costs of about $1 each in
quantity purchases.

The GaAs market continues to grow. Two years ago, Strategies Unlimited reported that the GaAs,
GaP (gdlium phosphide) and InP (indium phosphide) wafer manufacturing market would grow from
a$250 million market in 1994 to a $360 million market in 2000 [14]. Blumm reports the GaAs wafer
manufacturing market at $300 million as of 1997"". See Figure 7.

[**] Telephone communication between F Blumm, Sequel Corp., and R. Matheson, ITS.
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Figure 9 illustrates the performance characteristics of avariety of GaAs RF MMIC transmitter
devices, compiled from various manufacturers data sheets. Some operate as high as 42 GHz;
some have output power as high as 2-
3 W (33-35dBm). The devices

40
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g| ey ketplace. Some of these MMICs are
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Figure 9. Output power of various MMIC devices.  furization and allows consumer prod-
ucts as complex as cellular telephones
and GPS receivers to be constructed in lightweight, small-size packages. Circuit integration leads
to lower costs, especialy after non-recurring engineering costs have been recovered in high-
volume manufacturing. Discrete amplifiers that use GaAs FETs are useful for final amplifier power

stages where 2-3 W MMIC transmitter powers are not sufficient for the intended application.

The small receiving dish antenna system for DBS TV is a good example of high-frequency
consumer applications. This system receives satellite signals at 12 GHz. It usesasingle GaAs
MMIC chip that contains the whole satellite receiver front end, including the later stages of alow
noise preamplifier, a block downconverter, local oscillator, and IF gain stages. Specia ultra-low-
noise PHEMT discrete transistors are used ahead of the MMIC to provide an overall system noise
figure of 1.1 dB. The remainder of the receiver operates at frequencies below 1.5 GHz, where S
parts give adequate performance. About 3 million DBS receiver systems have been sold; the entire
front end assembly (including the MMIC) currently costs less than $30.

4.3 Summary of RF Devices
The availability of suitable RF devices should not constitute a major limitation on the use of higher
frequencies. The current high frequency state-of-the-art for MMICs used in consumer systemsis
the 12 GHz MMIC used in small dish satellite TV receivers, but considerable improvement is
expected through continued advances in MMIC feature sizes and other processing developments.

5. SMART SYSTEMS
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The term “smart” applies mainly to the non-RF electronicsin awireless system (part B in Figure
1). Wedefine “smart” to mean systems that use computer-based intelligence to execute complex
algorithms for system control and data processing/display. It applies equally to the consumer
terminal and to the overall system architecture. The development of inexpensive miniaturized
computer electronics has been crucia to the development of "smart" systems.

“Smart” is crucia in the planning of modern wireless systems, particularly those that operate at
higher frequencies. Smart systems implement complex functions, such as network management,
frequency, and power control, down to the individual subscriber level. Management of system
access, channel assignments, power control, cell hand-off, and similar functions are performed
transparently to the user. Cellular telephone and GPS receivers are prime examples of economical
systems that have benefitted by packaging many complex functions into integrated circuits.
Cellular telephones, available for less than $100 each, are capable of sequentialy scanning multiple
control channels, switching frequencies under direction of base-station control, providing link
quality assessment in conjunction with automated power control, and performing cell hand-off
(seamless reassignment of the subscriber to a different base station). GPS receivers, which can be
purchased for less than $100 each, compute the user's geographic location by acquiring, tracking,
and processing severa spread spectrum signals from multiple GPS satellites.

5.1 A Description of Smart Systems

At the most trivial level, smart consumer devices substitute computer processing for electronic
hardware. So-called “software receivers’ digitize the received signal and process it mathematically
to recover data, speech, etc. For example, what was done in the past by a bandpass filter is now
done by a computer chip executing FFT algorithms and windowing functions. Because software
processes the information, multiple system protocols, data modulations, and information formats
can be handled in the same terminal by simply recognizing the signal and running the appropriate
software. The software receiver might be considered atrivia application--not because of trivial
technology and software (indeed not!), but because the intelligence is merely used as a substitute
for hardware. There would be little functiona difference between the traditional hardware receiver
and its software counterpart--except for size, cost, etc.

At aless-trivial level, smart consumer devices operate in completely different ways than would be
possible for lessintelligent devices. For example, persona cellular phones can operate amost
anywhere in the United States with only 0.6 W of transmitter power. A traditional mobile radio
having an operating range of 6000 km (i.e., anywhere within the United States) would be expected
to be much, much larger and more expensive than a cellular phone. Functionally, a very complex
intelligent infrastructure with 30,000 interconnected sites has completely changed the nature of a
mobile transmitter with a 6000-km range. Ever-more-complex systems should be expected in the
future--perhaps adding a whole-world satellite option, along with spread spectrum and active-
tracking antenna beams to give 1000 times the bandwidth and system capacity.
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scientific, and medical (ISM) bands. These devices are capable of providing point-to-point or
point-to-multipoint service, can support raw channel throughput rates on the order of 19.2 kbps -
1.544 Mbps, and some are capable of providing connectivities over distances on the order of tens
of kilometers. Equipment prices range from roughly $1000 for the smpler single channel units to
over severa thousand dollars for T1 (24 multiplexed channels, 1.544 Mbps) capable equipment.

OEM activity in the 5.8 GHz band is less common at this time, although the numbers are growing.
The recent release of 300 MHz of spectrum near 5.2 GHz for Unlicensed National Information
Infrastructure (U-NII) applications will likely spur companies into increased production of
equipment operating in this frequency range.

Dedicated Short Range Communications. The proposed dedicated short range communications
(DSRC) band of 5850-5925 MHz is intended for awide variety of vehicle-to-roadside automotive
and transportation applications [22]. Advantages of the 5.8-GHz band for the intended uses are its
limited propagation coverage area and its relative immunity to rain, snow, fog, and smoke.
Examples of existing usersin this band are automated vehicle toll collection services and
commercial vehicle clearance (e.g., truck weigh stations) services. Planned services include "traffic
incident" management driver advisories that broadcast information regarding nearby traffic hazards
and local traffic congestion to aert drivers and re-route traffic. Other planned applications include
intersection collision avoidance and the automated highway system (AHS) where vehicles so
equipped are routed into AHS lanes and navigated automatically to their destination.

Mobile Satellite Systems. There are nearly a dozen mobile satellite companies vying for market
position in the emerging mobile satellite market [23]. Anticipated launch dates commence in 1997
to around 2003. Consumer-oriented mobile subscribers will access the satellite systems using
frequenciesin the range of 1610 - 1626.5 MHz (uplink) and 2483.5 - 2500 MHz (downlink),
although one provider, IGC, plans to use 1980 - 2010 MHz and 2170 - 2200 MHz. Microwave
Journal [20] cites one consultant as predicting that three or four low-earth-orbiting (LEO) global
satellite systems and one or two regional Asian satellite systems will be operating by the year 2002.

MMDS and LMDS. Multiband multipoint distribution service (MMDS) and local multipoint
distribution service (LMDS) are terrestrial microwave and millimeter wave systems capabl e of
delivering broadband services to the home [24]. Examples of such services are one-way TV
broadcast, and bidirectional Internet and telephone service. They incorporate alocalized cellular
architecture using omnidirectional central sites and directional user antennas.

The primary differences between LMDS and MMDS are frequency, bandwidth, and cell size.
MMDS is authorized 190 MHz of spectrum near 2.5 GHz and LMDS is authorized over 1 GHz of
spectrum near 28 GHz. MMDS architectures are designed for fairly large coverage zones, up to
50 km across. Typical MMDS reflector antennas are up to 0.6 m (2 ft) in diameter. LMDS, on the
other hand, uses small cells and small antennas, with roughly 3-8 km coverage radius and 10 cm
(4-in) flat panel subscriber antennas. Existing MM DS architectures provide up to 33 NTSC
broadcast (one-way) TV channels, while LMDS provides 40-50 wideband-FM TV channels. Both
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services are developing digital modulation schemes (e.g., 64QAM and QPSK) with video
compression agorithms, providing afive-fold increase in the number of TV channels available.

5.3 Summary of Smart Systems

The easy availability of smart equipment for today’ s wireless systems, and even more intelligence
in tomorrow’ s systems, has completely overthrown the rules by which traditional mobile radio
systems were designed. Short-range radio paths are not a limitation on the overall coverage area
of an infrastructure-based intelligent system, but now are more closely tied to strategies for
frequency reuse and improvements in total system capacity. Although these modern systems are
extraordinarily complex by yesterday’ s standards, they are well within the capabilities of the
available intelligent-device manufacturing technology, and they will furnish the foundation for
tomorrow’ s basic consumer wireless products.

6. HISTORICAL TRENDSIN SPECTRUM USE

The development of new applications and new markets, in tandem with technological
improvements, has consistently moved applications to higher and higher radio frequencies as
indicated by Figure 11. Consumer broadcasting applications began with AM radio and shortwave
radio in the 1930's. VHF television and FM radio, introduced in approximately 1946, used
frequencies near 100 MHz. Around 1980, backyard satellite dishes (TVRO) at 4 GHz came into
being. Thisincreasing frequency trend has continued with the newest addition to satellite TV
reception in 1995 at 12 GHz. Examination of broadcast frequencies versus year of introduction
shows that frequencies have increased by a factor of about 2.5 every 10 years.

This trend is not unique to the broadcast service. A review of the historical growth of land mobile
radio utilization exhibits a similar behavior. For land mobile services, the maximum frequency has
also increased over time, beginning with shortwave radio in the 1920's, the introduction of UHF
land mobile at 450 MHz in the 1950's, followed by cellular telephone in 1983 using frequencies
near 850 MHz, and finally broadband PCS using the 1850-1990 MHz band. Examination of these
events indicates that land mobile radio frequencies have increased by a factor of 1.8 every 10 years.

The difference in dopes for the mobile and broadcast trend lines may provide some insight into the
use of higher frequencies. Broadcast devel opers have been more willing to use higher frequencies,
because broadcast applications are generally fixed and can take advantage of high-gain directiona
antennas. Moreover, power consumption is aless serious limitation for broadcast transmitters or
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receivers. Thus, broadcast applications can more easily overcome the higher path loss associated
with higher frequency bands. It isinteresting to note that some broadcast applications are
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7. SUMMARY AND CONCLUSIONS

The preceding pages have suggested that higher frequencies are as good as lower frequencies for
many functions. The skeptical reader might ask, "If the higher frequencies are so good, why are al
the present consumers in the lower frequency bands?' The question has several answers, but the
most important one is that the higher frequencies have been commercially viable for a much shorter
period of time, limited especialy by the availability of suitable RF devices. Only the most rapidly
growing products (e.g., DBS receivers) have had enough time to generate a substantial consumer
base. Second, systems that successfully exploit the higher frequencies may require the use of
nontraditional technologies where "traditiona” means applicable mainly to older, lower-frequency,
less complex systems. Finally, the higher frequencies may be best suited for providing
nontraditional services, where customers have not yet automatically identified themselves and
where system designs are not yet obvious. Taken together, these answers suggest that the use of
the higher frequenciesis (as it always has been) a"frontier” experience, where ingenuity and
foresight will be needed to produce big returns.

Earlier systems (and many current ones) were devel oped to use features of long-range, wide-area,
sparse user populations, fixed high-power base stations, single-function (usually voice), analog
information, and "dumb" base and mobile equipment. New and proposed terrestrial systems are
being developed to exploit shorter range, cellular deployments able to serve a much denser
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subscriber base, using multi-purpose digital bit streams. These emerging systems will need to be
much smarter and more complex than traditional systems, and they will demand extensive
infrastructure development and integration into existing telecommunication infrastructures.

To support the substantial cost of these new systems, developers will aim for alarge customer
base, using relatively large blocks of spectrum for fast and flexible access. One of the most
important considerations for a new service seeking spectrum alocation is relocation costs incurred
by the new service when displacing an incumbent service. If new services are required to pay to
relocate incumbent services to a new frequency band, relocation costs will be proportional to the
number of incumbent users. This could drastically reduce the value of lower frequency spectrum
as perceived by potential new services. For example, costs to be paid by the PCS industry for
relocating private operational fixed microwave services to other bands is estimated to exceed $1
billion [25]. Higher frequencies have fewer current users and would therefore have lower
relocation costs. Assigning new services to the less densely occupied higher frequencies will avoid
these relocation costs.

Higher frequencies will become continually more attractive as (1) RF devices become cheaper and
better, (2) denser base station deployments reduce the required radio path length, and (3) demand
for wide bandwidth circuits and frequency reuse increases. It must be emphasized that the use of
higher frequenciesis “compatible and synergistic’ with the new wireless paradigms, rather than the
new paradigms evolving as forced responses to the necessity of using higher frequencies. For
example, the dense cellular infrastructure is a necessity for serving alarge customer base, rather
than being forced by path loss considerations. However, the dense infrastructure “just happens’ to
also permit the use of higher frequencies with greater path losses.

We do not know the upper limit for frequencies that can be successfully used for consumer
wireless services. We do know that it is surely substantially greater than the 3 GHz of yesterday.
The upper limit is still amost doubling every 10 years, but it might not continue at that rate
forever. Itisalso useful to look at the tendency toward the convergence of fixed, broadcast, and
mobile services into general-purpose wireless services and to suggest that future wireless services
will probably be different from anything that we can even imagine today. Those future systems
will use awide range of frequency bands and architectures, chosen for being the most suitable for
the specific service, and limited only by the ingenuity of the devel opers and the demand of the
users.
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